Reconstruction of the water content at an interface between compacted bentonite blocks and fractured crystalline bedrock  by Dessirier, Benoît et al.
Applied Clay Science xxx (2016) xxx–xxx
ARTICLEINPRESS
CLAY-04007; No of Pages 8
Contents lists available at ScienceDirect
Applied Clay Science
j ourna l homepage: www.e lsev ie r .com/ locate /c lay
Research paper
Reconstruction of the water content at an interface between compacted
bentonite blocks and fractured crystalline bedrock
Benoît Dessiriera,*, Mattias Åkessonb, Bill Lanyonc, Andrew Framptona, Jerker Jarsjöa
aDepartment of Physical Geography,Stockholm University, Stockholm 106 91, Sweden
bClay Technology AB, IDEON Science Park,Lund S-223 70, Sweden
cFracture Systems Ltd.,St. Ives, UK
A R T I C L E I N F O
Article history:
Received 24 February 2016
Received in revised form 26 September 2016
Accepted 3 October 2016
Available online xxxx
Keywords:
Engineered barrier system
Bentonite
Fractured rock
Regression-kriging
Unsaturated ﬂow
A B S T R A C T
High-density sodium bentonite combines a low permeability with a swelling behavior, which constitute
two important qualities for engineered barriers in geological disposal of spent nuclear fuel. For example,
the KBS-3V method developed in Sweden and Finland is planned to include compacted bentonite as the
buffer material to embed canisters containing the spent nuclear fuel packages in deposition holes in deep
crystalline bedrock. The partially saturated bentonite buffer will then swell as it takes up groundwater from
the surrounding rock. It is important to quantify the water content evolution of the installed buffer to cor-
rectly predict the development of the swelling pressure and the prevailing conditions (thermal, mechanical,
chemical and biological). This study aimed at quantifying the water content proﬁle at the surface of a cylin-
drical bentonite parcel retrieved after in situ wetting in fractured crystalline bedrock. We demonstrate the
possibility of using regression-kriging to quantitatively include spatial information from high-resolution
photographs of the retrieved bentonite parcel, where more water saturated areas appear as relatively dark
shades, along with bentonite samples, where detailed measurements of water content were performed. The
resulting reconstruction is both exact regarding local samplemeasurements and successful to reproduce fea-
tures such as intersecting rock fracture traces, visible in the photographs. This level of detail is a key step to
gain a deeper understanding of the hydraulic behavior of compacted bentonite barriers in sparsely fractured
rock. An improved scanning procedure could further increase the accuracy by reducing errors introduced
by the geometrical transformations needed to unfold and stitch the different photographs into a single gray
scale map of the bentonite surface. The application of this technique could provide more insights to ongoing
and planned experiments with unsaturated bentonite buffers.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Sodium bentonite is a claywith a high content ofmontmorillonite
which grants it a swelling behavior in presence of water (Börges-
son, 1985; Bucher and Müller-Vonmoos, 1989; Norrish, 1954) . This
property and its low permeability make it a natural choice to engi-
neer groundwater barriers in applications such as geological disposal
of radioactive waste (Nagra, 2002; Posiva Oy, 2010; SKB, 2010). For
example, the planned design of a repository for spent nuclear fuel in
Sweden, denoted as the KBS-3 V method, comprises excavations of
deposition tunnels approximately 500 m below the ground surface
* Corresponding author at: Uppsala University, Department of Earth Sciences,
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in crystalline bedrock. Deposition holes would then be drilled in the
tunnel ﬂoors, and the canisters containing spent nuclear fuel in each
hole would be embedded using compacted bentonite blocks and pel-
lets (SKB, 2010). Bentonite is also considered as backﬁlling material
for the deposition tunnels (SKB, 2010). The general idea is to insert
partially saturatedbentonitewhich then seals theundergroundopen-
ings as it draws water from the rock around the deposition tunnels
and holes, and swells. One uncertainty is the global wetting pattern
andwater uptake rate of the buffer blocks under different in situ con-
ditions and how these are inﬂuenced by the local rock properties (e.g.
deposition hole inﬂow, local fracture network geometry, transmissiv-
ity) (e.g. Dessirier et al., 2015; Åkesson et al., 2010). Understanding
ﬂow interactions between the rock matrix, rock fractures and ben-
tonite is an important component of accurate predictive modeling of
water and air ﬂows in the subsurface repository and fractured rock
system (Dessirier et al., 2014), with implications for inert and reac-
tive transport (Cvetkovic and Frampton, 2010, 2012; Frampton and
Cvetkovic, 2007a,b, 2009, 2011) beyond the local deposition holes.
http://dx.doi.org/10.1016/j.clay.2016.10.002
0169-1317/ © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Recognition of this need to develop the understanding of the dynam-
ics of in situ wetting of bentonite in natural rock cavities led to the
Bentonite Rock Interaction Experiment (BRIE) (Fransson et al., 2016).
BRIE was set up to observe and document the early evolution
of compacted bentonite blocks in situ under isothermal conditions.
It was conducted in an underground tunnel approximately 415 m
below ground at the Äspö Hard Rock Laboratory (HRL) in southeast-
ern Sweden. The characterization phase aimed at quantifying inﬂows
into the BRIE tunnel, exploratory boreholes and deposition holes
as well as describing the water-bearing fractures or zones respon-
sible for those inﬂows (Fransson et al., 2016). The wetting phase
of the experiment took place in two deposition holes with radius
R=15 cm and depths of 3.5 (Hole 17) and 3.0 m (Hole 18) from the
tunnel ﬂoor. Instrumented bentonite blocks were put in place and
left to saturate for 419 (Hole 17) and 518 days (Hole 18). After that,
the rock surrounding the deposition holes and the bentonite parcels
were extracted and transported to the laboratory for sampling and
analysis (Fransson et al., 2016).
Dessirier et al. (2016) used the gathered characterization data to
build alternativemodels of the BRIE site and experiment. The array of
models in that study served as a basis for scenario analyses of factors
that govern patterns and rates of bentonite wetting with objective
to relate different factors measured prior to deposition, to the subse-
quent bentonite wetting. Those results suggested that in most cases,
the wetting rate of the buffer as a whole was not as strongly related
to the total open-hole inﬂow rates as to the distribution of inﬂow
along the holes, which emphasized the importance of local scale
heterogeneity in permeability, including the absence or presence of
water bearing rock fractures, in the deposition hole vicinity. Further-
more, the results presented in Dessirier et al. (2016) indicate a bias of
models using a homogeneous rock matrix and representing the local
fractures as homogeneous plates towards a consistent overestima-
tion of the bentonitewetting rate. It has indeed been shown that ﬂow
in rough fractures takes place in a few preferential pathways (Tsang
and Neretnieks, 1998). The absence of this ﬂow channeling effect
could explain the overestimation produced by homogenized mod-
els. However, the available characterization data, i.e transmissivity of
borehole intervals and fracture mapping of rock cores, does not pro-
vide direct information on the channels intersecting the deposition
holes and how to parametrize them within the models.
This study focuses on the interpretation of BRIE data on bentonite
wetting and high-resolution water content patterns at, and close to,
the surface of the bentonite parcel, which then may reﬂect expected
critical heterogeneities in water transfer from the rock to the ben-
tonite. More speciﬁcally, we considered the bottom meter of the
bentonite parcel retrieved from one of the boreholes: BRIE Hole 18.
After the surrounding rockhadbeenprepared for extractionby stitch-
drilling all around the deposition hole, the bentonite parcel could be
extracted from the tunnel ﬂoor by pulling it in one piece, without
signiﬁcant damage to the bentonite surface. The retrieved bentonite
parcel was then carefully wrapped in plastic for transport to the lab-
oratory. Photographs of the surface of the bentonite were taken in
the laboratory almost immediately after excavation (Fig. 1) before
sampling. In the photographs themorewater saturated (wet) regions
appeared as relatively dark. This paper will ﬁrst describe the image
processing performed to combine the different photographs into a
single gray-scale map of the bentonite surface. It will then explore
the correlation between this map and the laboratory measurements
of water content at the sample locations before it tries to leverage
the observed correlation to arrive to a ﬁner reconstruction of the
water content proﬁle. This map of water content is of great interest
as it should provide information on the original number, location and
transmissivity of intersecting ﬂow channels in the rock. In addition,
this ﬁnal state of water content in the bentonite parcel together with
time series of embedded humidity sensors, could also possibly indi-
cate howﬂowchannelsmight have beendynamically redistributed in
Fig. 1. Example photograph of the Hole 18 bentonite parcel. The bentonite parcel
height visible in the picture is about 1 m. The thin horizontal circular rings are the
limits between different numbered compacted bentonite blocks (each of about 10 cm
height except block 2). The thin vertical black line is the 0◦ reference line with increas-
ing angles clockwise in the ﬁgure. Other dark patterns are believed to correspond to
rock fracture traces (credits: Mattias Åkesson and Clay Technology).
time over the bentonite/rock interface when the buffer wetting was
under way. This kind of dataset should help improve the ﬂowmodels
for the natural rock barrier and give better estimates of the operating
conditions for the bentonite buffer, which could in turn help buffer
design. The question we would like to answer in the present paper
is whether it is possible and informative to combine the sampling
data and the photographs of the bentonite parcel to obtain increased
resolution of the water content proﬁle on the bentonite surface at
the end of the experiment. A detailed distribution of the water con-
tent at the bentonite surface in contact with the rock would greatly
help to understand the impact of ﬂowchanneling and two-phase ﬂow
behavior in fractured crystalline rock under high suction, and sub-
sequently to assess the hydraulic conditions imposed on engineered
barrier system. Combining the rapid execution and wide coverage of
photographs with accurate local sampling would appear as a cost-
effective technique to acquire such a ﬁne scale distribution. To the
extent of our knowledge, investigations related to the direct use of
photographs in order to quantify the in situwater uptake of bentonite
parcels in natural bedrock have not yet been published in scientiﬁc
literature.
2. Data and methods
This section will ﬁrst provide details on the two sources of data
available on the cylindrical bentonite parcel: samples and disman-
tling photographs. We focus on the gravimetric water content w
proﬁle that developed in the bentonite parcel after exposure to
Please cite this article as: B. Dessirier et al., Reconstruction of the water content at an interface between compacted bentonite blocks and
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groundwater through the host rock. Different methods used to pro-
cess the photographs, and to reconstruct the water content ﬁeld on
the outer perimeter of the bentonite parcel will be introduced.
2.1. Dismantli6ng photographs and bentonite sampling scheme
A total of 24 pictures were taken at 3 different elevations to cover
the height of the bentonite parcel and under 8 different angles to
cover the whole perimeter of the parcel. For this paper, we made use
of the 8 pictures covering the lowest meter or so of the bentonite
parcel (Fig. 1).
A total of 1195 samples were taken from the lower part of the
bentonite parcel in Hole 18, of which 198 were taken from the sur-
face of the parcel and previously adjacent to the rock wall. These
surface samples were 3 cm wide and 1 cm thick. They were ana-
lyzed for gravimetric water content w and dry densityqd (Fransson
et al., 2016). Colored dots in Fig. 2 show the positions of the samples
taken from the outer surface of the bentonite parcel and their mea-
sured water content. The reconstruction presented here focuses on
the water content, since it is a direct measurement. A similar recon-
struction was also performed for the liquid saturation Sl. In order to
calculate the saturation of the bentonite samples, ﬁrst the porosity
V = 1 − qdqp and then the liquid saturation Sl = w •
qp
qw
• 1−V
V were
computed assuming a constant particle density qp=2780kg/m3 and
water density qw=1000kg/m3. The results obtained for saturation
will help discuss the sensitivity of the technique to the bentonite
density.
For comparison, known intersecting rock fractures are also
represented in Fig. 2. These fractures were ﬁrst identiﬁed during core
mapping on exploratory boreholes (inner part of future deposition
hole with a radius of 3.8 cm). The traces shown in Fig. 2 correspond
to the adjusted estimates of the fracture positions obtained from
optical imaging of the deposition hole wall by a method known as
Borehole Image Processing System (BIPS) after the hole was enlarged
to a radius of 15 cm (Fransson et al., 2016).
Fig. 2. Overlay of samples (water content value represented by colored dots) and gray
scale map obtained by stitching the different photographs (background). The known
intersecting fractures are represented by white dashed lines.
2.2. Image corrections and processing
The barrel distortion caused by the camera lens was deemed neg-
ligible after inspection of known straight lines in the photographs. To
bring the photographs together it was necessary to correct for per-
spective and to unfold the cylindrical surface from the 2D picture. To
this end, we used the visible horizontal discontinuities between ben-
tonite blocks (Fig. 1) knowing that each block had a height of 10 cm
(except block 2 with 5 cm).
If x and y denote the horizontal and vertical coordinates in the
frame of reference of the picture, we consider ellipses parametrized
as:
x = xc + a cos h cos0+ b sin h sin0 (1)
y = yc + a cos h sin0+ b sin h cos0 (2)
where xc and yc are the coordinates of the center, a and b the long and
short semi-axes and0 is the angle between the axes of the ellipse and
the referential. We ﬁtted half-ellipses to the discontinuities between
the bottom plate and block 1, and the discontinuity between blocks
11 and 12. We then deﬁned linear functions xc(y), yc(y), a(y), b(y) and
0(y) to create a family of ellipses that transitioned linearly from the
bottom to the top ﬁtted ellipses.
If we then consider the rectangular unfolded surface of a half-
cylinder cropped by a small angle 2a due to the ﬁnite distance
between the camera and the bentonite parcel (Fig. 3), and a point
of normalized coordinates (X,Y ) ∈ [0,1]2 to map back to the photo-
graph: the Y coordinate gives us the half-ellipse on which the point
to mapwas located in the picture through the previously deﬁned lin-
ear functions, and the coordinate X gives the parameter h to get the
exact point on this ellipse using the parametric Eq. (1). By using this
mapping on gridded coordinates in the unfolded surface, for each
photographwe ﬁlled in the value at each pixel to create a new image.
Once each photograph had been transformed into a fragment
of the unfolded surface, it was positioned in a common frame of
reference by using distinctive points and the overlap between neigh-
boring fragments to obtain the complete unfolded surface. After each
fragment had been positioned relative to the others, a panorama tool
was used to correct the gray levels in the transition areas between
fragments to obtain a continuous gray map and avoid sharp transi-
tions between neighbors. The precedence was given to the central
area of each fragment as these were subject to the same light expo-
sure (the parcel was rotated to take the different shots with light
conditions remaining consistent). The ﬁnal product is shown in Fig. 2
along with the samples. One can visually observe a certain correla-
tion between the darkest gray traces and the wettest samples (blue)
which will be investigated in more details in Section 2.4.
α
θ
R
z
camera
Rθ
z
(X,Y)
(x,y)
photograph unfolded surface
bottom half-ellipsis
top half-ellipsis
Fig. 3. Mapping the photo to the unfolded surface.
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2.3. Direct interpolation of measured samples
A reconstruction of the water content ﬁeld, using only the sam-
ples, can also be obtained by inverse distance interpolation. The
estimated water content wˆ at any point s0 was determined by the
following equations:
wˆ(s0) = w(si), for s0 = si (3)
wˆ(s0) =
∑n
i=1 w(si)|si − s0|−m∑n
i=1 |si − s0|−m
, for s0 = si (4)
with w(si) the measured water content at sample location si, n the
number of samples and m an exponent that quantiﬁes the range of
inﬂuence of each sample (Fig. 4).
The direct interpolation of the samples gave a very smooth water
content proﬁle (Fig. 4) that contrasted with the visual inspection
of the map assembled from the photographs of the bentonite par-
cel (Fig. 2, background) where sharp dark traces were visible. The
dipping traces coincided in many instances with mapped fractures
around the hole (Fig. 2). Although no mechanistic relation was
known to link the degree of darkness of the bentonite to its water
content, the photographs seemed to contain ﬁne scale information
on the wetting process that even a tight sampling scheme could not
capture for feasibility reasons.
2.4. Image-sample correlation and regression kriging
Fig. 5 shows a scatter plot of the water content calculated from
measurements and the averaged gray value of the surrounding pix-
els at the sample locations. One could observe that a linear model
ﬁtted the data with a coeﬃcient of determination R2=0.39 and the
null hypothesis of the slope of the regression being zero is rejected
with a signiﬁcance level well below 1%. We therefore proposed to
use the linear regression to obtain a deterministic trend of water
content and tomodel the deviation from the regression line, or resid-
ual, as a spatially correlated random function in a process known as
regression-kriging, also called universal kriging or sometimes kriging
with an external drift (Bivand et al., 2008).
Fig. 4. Unfolded outer surface of the bentonite parcel showing the location of the sam-
pling points (dots). The water content ﬁeld was obtained by inverse distance weighted
interpolation of measured points using Eqs. (3) and 4 (background colors: red—low
water content to blue—high water content).
Fig. 5. Correlation between gray scale pixel value obtained from photographs of the
bentonite parcel and measured water content at multiple sample locations near the
bentonite surface.
Regression-kriging gives a prediction of the unknown quantity,
here water content w, at unsampled locations s0 assuming that this
quantity can be decomposed as:
w(s0) = b0 + b1·p(s0) + e(s0) (5)
where b0 and b1 are the mean and trend coeﬃcients determined by
a regression, p(s0) is the predictor (here the gray scale pixel value)
at the location s0 and e(s0) is the residual, a random space func-
tion (Bivand et al., 2008; Cressie, 1993). Regression kriging requires
the residual to honor stationarity, which we took here as a working
hypothesis, assuming the trend to completely represent the non-
stationarity of the transient wetting of the bentonite parcel. Fig. 6
shows the histogram and variogram of the residuals. The resid-
ual sample variogram cˆ was calculated, assuming stationarity and
isotropy, by the following formula:
cˆ(h¯j) =
1
2Nh
Nh∑
i=1
(e(si) − e(si + h))2,∀h ∈ h¯j (6)
where (si,si+h) are sample pairs separated by the lag distance h
pertaining to a distance interval h¯j that contains a total of Nh pairs
(Fig. 6b). The sample variogram was ﬁtted by a power-law model
c(h)=0.00207 · h0.559.
Under those assumptions, with n=198 samples and p=1 pre-
dictor, using the best unbiased linear estimator, the prediction at
location s0 could be expressed as:
wˆ(s0) = x(s0)bˆ+ vTV−1
(
w(s) − Qbˆ
)
(7)
where x(s0)=(1 p(s0)) contains the predictor value at s0, Q is the
design matrix of dimension n× (p+1) whose rows are the x(si)
vectors at the sample locations si, V is the n×n covariance matrix
of w(s) of general term Vij=E [w(si)w(sj)], v is the n×1 covari-
ance vector of w(s) and w(s0) of general term vi=E [w(si)w(s0)], bˆ
is the (p+1)×1 Generalized Least Square estimate of the trend
coeﬃcients deﬁned by: bˆ =
(
QTV−1Q
)−1
QTV−1w(s), T denotes the
transpose operation and E [] is the ensemble expected value oper-
ator. The ﬁrst term x(s0)bˆ corresponds to the regression part of the
prediction that is displayed in Fig. 7a. The second term is the krig-
ing part of the prediction (shown in Fig. 7b), with the kriging weights
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Fig. 6. (a) Histogram of the residuals and (b) Empirical variogram of the residuals and ﬁtted power law model: c(h) = 0.00207 • h0.559 where h is the lag distance.
vector vTV−1 and the residuals w(s) − Qbˆ. The complete prediction
wˆ is presented in Fig. 7c. The software R and its packages sp, gstat
and rgdal were used to perform the prediction (Bivand et al., 2008;
Pebesma, 2004).
Regression-kriging also gives the prediction error variance or
kriging variances2(s0) to represent the local quality of the prediction
(Fig. 7d). It is deﬁned by:
s2(s0) = s20 − vTV−1v (8)
where s20 is the variance of thew process (Bivand et al., 2008). There
is no term associated to the extrapolation of the predictor since
we use one that is deﬁned at each point of the surface. The whole
variance is then incumbent to the kriging term.
3. Results and discussion
The results in Fig. 7a show that the regression term accounts for
short range variations of water content in the range 0.15 to 0.25
with clear elongated patternswhere fracture traces had been charted
(Fig. 2). The krigingmap of the residuals in Fig. 7b shows longer range
variations of water content in the range−0.05 to 0.12. Regression-
kriging gives an exact prediction at the sample locations but renders
also the ﬁne scale variation and features observed in the bentonite
photographs (Fig. 7c). As such it is considered to be a successful
method to join the contributions of both data sources (photographs
and laboratory samples) into a detailed reconstruction of the ﬁnal
wetting state of the bentonite surface in the ﬁeld scale experiment.
This distributed map of the water content at the surface of the ben-
tonite would be a great asset to derive the distribution of inﬂows
from the rock to the bentonite during the experiment which would
give a realistic picture of the hydraulic behavior of sparsely frac-
tured crystalline rock in contact with compacted bentonite barriers.
Such derivation of the inﬂow distribution could likely be achieved
by inverse modeling using the present surface water content map
as a calibration target along with measurements on samples from
the interior of the bentonite blocks, the weight of the retrieved indi-
vidual blocks and time series from the sensors installed in some
bentonite blocks.
It should be noted that the incorporation of photographs in the
interpolation process gave a very successful outcome despite the
opportunistic nature of the photo-documentation procedure that
was not originally intended to provide quantitative data. The hypoth-
esized relationship between bentonite water content and gray scale
should ﬁrst be assessed under controlled conditions in the labora-
tory. Optimizing the photo-acquisition and processing could bring
signiﬁcant improvements to the technique. The spread away from
the regression line, here modeled as spatially correlated residuals,
can indeed be explained by multiple factors:
1. differences in the scale of sample measurement (∼ 3×3×
1cm3) and photographic resolution (∼ mm, superﬁcial),
2. biases introduced by the lighting and the photographing
process,
3. errors in the mapping of pictures to fragments,
4. errors in the positioning of the fragments,
5. errors introduced by the panorama leveling to ensure a contin-
uous transition between fragments and
6. error introduced by the chosen regression model, here linear.
It is interesting to note that the coeﬃcient of determination R2
was higher for gray values and liquid saturation (R2=0.48) than
with water content (R2=0.39). Gray values show no linear corre-
lation with dry density. It seems thus that the photographs were
more sensitive to the saturation degree than to density variations
in the bentonite. This phenomenon could be investigated further in
a controlled laboratory setting, as previously mentioned, to assess
the power of the correlations under optimal conditions and ascertain
the regression model (point 6). Regarding the choice of the regres-
sion model, the linear model was chosen for simplicity. One could
as easily conjecture an alternative regression model of the form w=
a · pb+c with b=1 for example, however the increase in variance
for the lower range of pixel gray values (<100, Fig. 5) made it diﬃ-
cult to ﬁt an optimal exponent value. Mitigating the noise in the data,
by improving points 1–5 would take precedence over debating that
modeling choice at this point.
Another explanation related to the disparity between volumet-
ric samples and superﬁcial optical measurements (point 1) was that
some cooling water used for core-drilling during dismantling might
have found its way to the bentonite surface, thus potentially increas-
ing the water content on and near the surface of the bentonite (and
its gray value). If this phenomenon happened, owing to the very
short exposure time and shallow penetration depths of increased
moisture content, it could have impacted the gray values at the ben-
tonite surface but would have less likely affected the sample values.
This explanation can thus be supported by the fact that the pos-
itive residuals (Fig. 7b, blue) seem to correspond to areas of high
water content where the radial gradient of water content is high as
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Fig. 7. (a) Regression map of water content (ﬁrst term on the right hand side in Eq. (7)) and (b) kriging map of the residuals (second term on the right hand side in Eq. (7)), in each
case the samples are represented by a circle proportional in size to the radial gradient of water content, calculated between the surface sample and the ﬁrst sample behind it. (c)
Regression-kriging prediction of water content (Eq. (7)) and (d) kriging error variance (Eq. (8)). (For interpretation of the references to color in this ﬁgure, the reader is referred to
the web version of this article.)
well (largest circles), signs of a signiﬁcant wetting process through-
out the BRIE experiment. In parallel, the areas of negative residuals
are characterized by low water content and low water content gra-
dient towards the central part of the bentonite parcel (Fig. 7b, red
and smallest circles), signs of a negligible wetting during BRIE and
a potential superﬁcial disturbance at dismantling. Such rapid wet-
ting would inﬂuence preferentially the surface areas that were the
driest and would explain why the regression to gray scale gener-
ally overestimates the water content of dry surface samples and
underestimates the water content of relatively wet samples. Such a
correlation of residuals with the ﬁnal water contents and gradients
could also result from the choice made of a linear regression model
(point 6).
In conclusion, the relationship between water content and gray-
ness in bentonite should be investigated in laboratory conditions.
Most of the listed sources of error could be substantially reduced by
considering alternative dismantling and sampling techniques (point
1) or by developing a consistent scanning technique (points 2–5),
which could indirectly help improve the regression model (point 6).
Another improvement could consist in using the three RGB values of
the photographs as three different predictors instead of the conver-
sion of the photographs to gray scale as a single predictor. Beyond the
use of visible light, other spectral bands more sensitive to moisture
content could be used to excite and image the bentonite, as it is done
for remote sensing of soil moisture (e.g. Hain et al., 2011; Prigent
et al., 2005). Another source of information could come from opti-
cal, acoustic and electrical borehole imaging to detect rock anomalies
and use criteria such as the distance to known anomalies in the rock
as predictors.
Inverse distance weighting (IDW2) and regression-kriging (RK)
gave predictionswith very different textures (Figs. 4 and 7c). To com-
pare them, we performed a standard cross-validation test (Bivand et
al., 2008; Cressie, 1993; Hengl et al., 2004). Each sample value was
compared to the predicted value obtained if that sample had been
left out, and a root mean square prediction error (RMSE) was com-
puted. The resulting RMSE for the IDW2 method and RK method
showed almost identical values with 0.016 and 0.015 respectively.
However note that this cross-validation only tested the modeled
error on the heavily sampled lines followed by the sampling scheme.
Another, more meaningful, point of comparison was the univariate
statistics of the two predictions, e.g. their respective cumulative dis-
tribution functions. One can observe that the two predictions agree
as to the median water content but that the IDW2 method predicts
less extreme values than the RK method (Fig. 8). By comparing the
textures of the two predictions (Figs. 4 and 7c) one can oppose a
very smooth ﬁeld with a rather long isotropic correlation range to
a set of rather thin elongated features. Some of these features cor-
responded directly to mapped fractures, e.g the sine-shape trace
between z=0.4 and 0.8 m (Fig. 2). The photo-documentation how-
ever showed more dark features than identiﬁed during deposition
hole characterization. There was for example a source of uncertainty
as to the nature of the vertical features observed on the photographs
that stemmed from the technique used to install and dismantle
the bentonite parcel. At installation, the cylindrical parcel was set
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Fig. 8. Cumulativedistributionfunctionsofwatercontentsaccordingtothepredictions
by regression-kriging and inverse distance weighted interpolation (m = 2).
up with an initial 1 mm gap which was later rapidly ﬁlled with
water from the top to provoke an initial swelling and close the gap
(Fransson et al., 2016). The vertical features could then either corre-
spond to induced fractures, permeability redistribution due to stress
effects, preferential wetting during installation or dismantling (from
core drilling of boreholes).
4. Conclusion
This paper studied the water content proﬁle at the surface of
a bentonite parcel retrieved after in situ wetting in fractured crys-
talline bedrock. It showed that by using regression-kriging it is pos-
sible to quantitatively merge and combine information from high-
resolution photographs of the cylindrical bentonite parcel where wet
areas appear as relatively dark, along with bentonite samples that
could not be taken at a suﬃciently high resolution to necessarily pre-
serve the full heterogeneity in the pattern of wetting, but in which
the absolute water content could be accurately determined. The
resulting reconstruction is both exact regarding local sample mea-
surements and successful to reproduce features such as intersecting
rock fracture traces, visible in the photographs. It is shown to be
more realistic than adopting inverse distance weighted interpolation
of measured samples alone.
A quantitative correlation between “postmortem” sample analy-
ses of water content and the image gives conﬁdence that much of
the character seen in the images derives from heterogeneous wet-
ting, although other processes related to the opportunistic nature of
the photo-documentation (e.g. limited ability to control lighting and
image registration) and possible alterations of the wetting on the
surface during extraction of the bentonite from the deposition hole
are also relevant. A set of controlled laboratory experiments should
be undertaken to assert the hypothesized relationship between the
gray-scale and water content of compacted bentonite and to inves-
tigate the best function shapes to relate the two quantities. An
improved scanning procedure could reduce the errors introduced
by the geometrical transformations needed to unfold and stitch the
different photographs into a single gray scale map of the bentonite
surface. Similarly controlled lighting and exposure could improve the
accuracy of the method.
The images demonstrate important features of the wetting pro-
cesses occurring during the experiment that would not be dis-
cernible from the postmortem sampling alone (despite the high
number of samples taken). Natural fractures (identiﬁed in core and
borehole images) generally seem to correspond to ﬁne-scale wet-
ting features on the surface of the bentonite. In addition axial and
other features undetected during deposition hole characterization
are clearly seen in the photographs. Many of the features within
the image are diagnostic of ﬂow processes at the rock/bentonite
interface and detailed models of heterogeneous wetting can use fea-
tures extracted from the images to condition local-scale rock models
aimed at better understanding of the early evolution ofwater content
within the bentonite.
Acknowledgments
This work was partly funded by the Swedish Nuclear Fuel and
Waste Management Company (SKB). The authors are grateful to the
organizers and participants of the SKB Task Force for Modeling of
Groundwater Flow and Transport of Solutes and the SKB EBS Task
Force, within which modeling of the BRIE experiments were con-
ducted. We also thank the staff at the Äspö HRL for their invaluable
help in making the BRIE experiment possible.
References
Bivand, R., Pebesma, E., Gomez-Rubio, V., 2008. Applied spatial data analysis with R.
vol. 747248717. Springer.
Börgesson, L., 1985. Water ﬂow and swelling pressure in non-saturated ben-
tonite-based clay barriers. Engineering Geology 21 (3), 229–237.
Bucher, F., Müller-Vonmoos, M., 1989. Bentonite as a containment barrier for the
disposal of highly radioactive wastes. Appl. Clay Sci. 4 (2), 157–177.
Cressie, N., 1993. Statistics for Spatial Data: Wiley Series in Probability and Statistics
Wiley: New York. NY, USA.
Cvetkovic, V., Frampton, A., 2010. Transport and retention from single tomultiple frac-
tures in crystalline rock at äspö (Sweden): 2. Fracture network simulations and
generic retention model. Water Resources Research 46 (5).
Cvetkovic, V., Frampton, A., 2012. Solute transport and retention in three-dimensional
fracture networks. Water Resources Research 48 (2).
Dessirier, B., Jarsjö, J., Frampton, A., 2014. Modeling two-phase-ﬂow interactions
across a bentonite clay and fractured rock interface. Nucl. Technol. 187 (2),
147–157.
Dessirier, B., Frampton, A., Jarsjö, J., 2015. A global sensitivity analysis of two-phase
ﬂow between fractured crystalline rock and bentonite with application to spent
nuclear fuel disposal. Journal of Contaminant Hydrology 182, 25–35.
Dessirier, B., Frampton, A., Fransson, Å., Jarsjö, J., 2016. Modeling early in situ wetting
of a compacted bentonite buffer installed in low permeable crystalline bedrock.
Water Resources Research 52 (8), 6207–6221.
Frampton, A., Cvetkovic, V., 2007a. Upscaling particle transport in discrete fracture
networks: 1. Nonreactive tracers. Water Resources Research 43 (10).
Frampton, A., Cvetkovic, V., 2007b. Upscaling particle transport in discrete fracture
networks: 2. Nonreactive tracers. Water Resources Research 43 (10).
Frampton, A., Cvetkovic, V., 2009. Signiﬁcance of injection modes and heterogene-
ity on spatial and temporal dispersion of advecting particles in two-dimensional
discrete fracture networks. Adv. Water Resour. 32 (5), 649–658.
Frampton, A., Cvetkovic, V., 2011. Numerical and analytical modeling of advective
travel times in realistic three-dimensional fracture networks. Water Resources
Research 47 (2).
Fransson, Å, Åkesson,M., Andersson, L., 2016. Be6ntonite Rock Interaction Experiment.
Characterisation of Rock and Installation, Hydration and Dismantling of Bentonite
Parcels, Tech. Rep R-14-11. Swedish Nuclear Fuel and Waste Management Co.,
Stockholm (Sweden).
Hain, C., Crow, W., Mecikalski, J., Anderson, M., Holmes, T., 2011. An intercomparison
of available soil moisture estimates from thermal infrared and passivemicrowave
remote sensing and land surface modeling. Journal of Geophysical Research:
Atmospheres (1984-2012) 116 (D15).
Hengl, T., Heuvelink, G., Stein, A., 2004. A generic framework for spatial prediction of
soil variables based on regression-kriging. Geoderma 120 (1), 75–93.
Nagra, 2002. Project Opalinus Clay. Safety Report: Demonstration of Disposal Feasibil-
ity for Spent Fuel, Vitriﬁed High-Level Waste and Long-Lived Intermediate-Level
Waste (Entsorgungsnachweis). Tech. Rep. NTB 02-05, Wettingen (Switzerland).
Norrish, K., 1954. The swelling of montmorillonite. Discussions of the Faraday Society
18, 120–134.
Pebesma, E., 2004. Multivariable geostatistics in s: the gstat package. Computers &
Geosciences 30 (7), 683–691.
Oy, Posiva, 2010. Tks-2009 NuclearWasteManagement at Olkiluoto and Loviisa Power
Plants Review of Current Status and Future Plans for 2010–2012., Tech. Rep
TKS-2009. Posiva, Olkiluoto (Finland).
Please cite this article as: B. Dessirier et al., Reconstruction of the water content at an interface between compacted bentonite blocks and
fractured crystalline bedrock, Applied Clay Science (2016), http://dx.doi.org/10.1016/j.clay.2016.10.002
8 B. Dessirier et al. / Applied Clay Science xxx (2016) xxx–xxx
ARTICLE IN PRESS
Prigent, C., Aires, F., Rossow, W., Robock, A., 2005. Sensitivity of satellite microwave
and infrared observations to soil moisture at a global scale: relationship of satel-
lite observations to in situ soil moisture measurements. Journal of Geophysical
Research: Atmospheres (1984-2012) 110 (D7).
SKB, 2010. Design and Production of the Kbs-3 Repository, Tech. Rep TR-10-12.
Swedish Nuclear Fuel and Waste Management Co., Stockholm (Sweden).
Tsang, C.-F., Neretnieks, I., 1998. Flow channeling in heterogeneous fractured rocks.
Rev. Geophys. 36 (2), 275–298.
Åkesson, M., Kristensson, O., Börgesson, L., Dueck, A., Hernelind, J., 2010. THM
Modelling of Buffer, Backﬁll and Other System Components. Critical Processes
and Scenarios. Updated 2015-08. Tech. Rep TR-10.11. Swedish Nuclear Fuel and
Waste Management Co., Stockholm (Sweden).
Please cite this article as: B. Dessirier et al., Reconstruction of the water content at an interface between compacted bentonite blocks and
fractured crystalline bedrock, Applied Clay Science (2016), http://dx.doi.org/10.1016/j.clay.2016.10.002
